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Abstract Bidirectional low temperature networks are a novel concept that promises more efficient heating and cooling of buildings. Early research shows theoretical benefits in terms of exergy efficiency over other technologies. Pilot projects indicate that the concept delivers good performance if heating and cooling demands are diverse. However, the operation of these networks is not yet optimized and there is no quantification of the benefits over other technologies in various scenarios. Moreover, there is a lack of understanding of how to integrate and control multiple distributed heat and cold sources in such networks. Therefore, this paper develops a control concept based on a temperature set point optimization and agent-based control which allows the modular integration of an arbitrary number of sources and consumers. Afterwards, the concept is applied to two scenarios representing neighborhoods in San Francisco and Cologne with different heating and cooling demands and boundary conditions. The performance of the system is then compared to other state-of-theart heating and cooling solutions using dynamic simulations with Modelica. The results show that bidirectional low temperature networks without optimiza-tion produce 26% less emissions in the San Francisco scenario and 63% in the Cologne scenario in comparison to the other heating and cooling solutions. Savings of energy costs are 46% and 27%, and reductions of primary energy consumption 52% and 72%, respectively. The presented operation optimization leads to electricity use reductions of 13% and 41% when compared to networks with free-floating temperature control and the results indicate further potential for improvement. The study demonstrates the advantage of low temperature networks in different situations and introduces a control concept that is extendable for real implementation.
INTRODUCTION
2 district heating systems, bidirectional low temperature networks (LTN) can be viewed as a fifth generation district heating and cooling system, as suggested by the European Commission [52] . They constitute an approach to further increase energy efficiency for heating and cooling of buildings by further lowering the fluid temperature in the networks to ambient temperature levels. The networks consist of two pipes. The warmer pipe has temperatures between 12 • C and 20 • C, while the cold pipe has 8 • C to 16 • C. Buildings equipped with heat pumps, chillers or direct cooling and individual circulation pumps are connected to both lines. In the case of a heating demand, the circulation pump of the building withdraws water from the warm line, uses it in a heat pump to reach temperatures suitable for space heating, and then discharges the cooled water to the cold line. In case of a cooling demand, the system works in the other direction. Depending on the heating and cooling demands of the connected buildings, the fluid flow in the network can change direction. The total difference between heating and cooling flows needs to be balanced by external sources, e.g. central heat pumps and chillers, solar thermal plants or seasonal storage facilities.
The concept is in the early stages of research and development. There is theoretical proof of the concept based on thermodynamic analysis [40] . Furthermore, there are at least eight demonstration projects (unidirectional and bidirectional) in operation or under construction (e.g [48, 27, 9] ). Research regarding the optimal design in terms of diversity of cooling and heating loads has also been conducted lately [64] .
Despite the previous efforts, there is a significant need for further research in multiple areas. It appears that no publications about control and operation optimization of LTN are available. There is proof that LTN are beneficial in terms of exergy efficiency, but the full potential has not been exploited yet. Moreover, there is a lack of understanding of how to integrate and coordinate multiple source networks in which individual so called "prosumers" can participate in heat and cold supply. Furthermore, there is only limited insight into the potential advantages a bidirectional LTN has over other technologies in different scenarios. To address these open questions is a crucial prerequisite for the future of sustainable heating and cooling systems through LTN technology.
Therefore, this study introduces, to the authors' knowledge, the first approach to operation optimization of low temperature networks. The approach consists of an optimization of the network temperature, which is the main influence on energy costs of such networks, and a control concept based on a marketbased multi-agent system. With proper multi-agent control the electricity consumption of the heat pumps and chillers in the network can be lowered. Furthermore, the agent system allows the integration of multiple heat and cold sources and energy storages into the network, which makes it a practical approach for smart-grid-like decentral networks. The approach is verified with the help of dynamic simulations based on Modelica, for which the authors implemented the necessary models [60, 31] and the agent-based control system [2] . The case study examines two district scenarios, one of which is situated in the USA and one in Germany, and compares low temperature networks to other heating and cooling options. The results allow an insight into the behaviour of low temperature networks, present a proof of concept for the control approach and provide a quantification of energy cost savings through the use of low temperature networks instead of conventional heating and cooling technologies.
Previous work on low temperature networks
There is only a small number of peer-reviewed scientific work published in the field of bidirectional LTN.
To give a complete overview of the topic, also reports on pilot projects by construction companies and other non-scientific sources are cited in the following. One of the earlier examples of an LTN as described in this study was introduced in [10] as a plan to create a district heating and cooling system for a developing area in Visp, Switzerland. The unidirectional grid uses waste heat from a sewage of a chemical plant as a heat source and de-centralized heat pumps are used in the individual residential buildings to lift the temperatures sufficiently high to operate floor heating systems. [27] presents an evaluation of the system 1 INTRODUCTION 3 installed in Visp. Completed in 2008, it has a total thermal capacity in heating of 3.6 MW and is competitive with other technologies in terms of cost of operation at a domestic fuel oil price below $0.9/lt. In [48] , an LTN for heating and cooling of parts of the campus of ETH Zürich is proposed. In order to reach the goals for a 2000-Watt-society [45] , besides other measures, plans for a grid consisting of multiple ground heat storages, a geothermal field and de-central heat pumps are presented. Details on the progress can be found in [9] . Besides introducing the bidirectional concept, [46] makes several contributions to the topic of LTN: the author highlights the advantage of LTN in urban areas, where it is difficult to install heat pumps with individual ground or groundwater heat exchangers for residential buildings. Moreover, heat and cold demand should be of a similar size in the ideal case. The role for the operator of the system is to keep the temperatures at a sufficient level for cooling and heating and to balance the energy flows over the year in all storage facilities. It is further pointed out that LTN are modular and can be started as small projects that can be scaled up later on. A measure to further decrease operation costs could be the provision of grid services, as the used heat pumps constitute groups of high electrical capacities. In [47] , Sulzer examines the possibility of integrating solar thermal panels into LTN. The author states that integration of such systems is favourable in the case of seasonal heat storage as the demand for heat is higher in winter, but the production from solar thermal panels is high in summer. In [49] , Sulzer et al. introduce different typologies of grids in terms of number of pipes between one and four. While the previously introduced bidirectional networks operate with two pipes at different temperature levels, third and fourth pipes with higher or lower temperatures are possible in order to use direct floor heating without a previous temperature lift via a heat pump, for example. Moreover, Sulzer now distinguishes between unidirectional and bidirectional grids in terms of mass flow and energy flow. A grid can be unidirectional in mass flow but bidirectional in terms of energy flow (e.g. in the case of Visp). Additionally, he presents several problems and unanswered ques-tions related to the networks: So far, technological expertise is limited to a very small group of people. There are no standardized ways to calculate the cost of such a network for planners who were not involved in the pilot projects. Furthermore, the operation of LTN has not been optimized yet. In [32] , two different types of ownership for LTN are suggested. Bigger LTN could be owned by a grid operator, similarly to electrical grids or common district heating grids. Smaller grids could be owned and operated by the real estate owner. An example of a real-estate owned system in Chur, Switzerland, is given. A comparison between investment cost for a centralized heat pump system and an LTN is made and the LTN is found favourable. Furthermore, a comparison between yearly energy costs for the LTN in Chur and the local heating system installed before is made. A reduction of 62% of the annual energy costs could be observed. Although focusing on heating grids with higher supply temperatures, Li et al. [29] point out that the development of future district heating grids will move away from hierarchical, fossil-based, large-scale structures towards future decentralized, multiple renewable and waste-heat-dominated small structures. Moreover, they postulate the idea that individual "prosumers" in the network who have the capacity to produce surplus heat from building installed solar collector, heat pump, micro-CHP and individual thermal storage, should be able to participate in the future grids. Pietra et al. [5] investigated the benefit of a grid connection for owners of solar thermal panels. The bidirectional grid operates as a virtual heat storage for the prosumer with the effect that the collectors can be operated throughout the whole summer instead of being stopped because of low heat demand during that period. Results show that the solar collector is able to supply more than 100% of the total yearly heat demand for an apartment when connected to the grid in comparison to 27% before, which leads to an operational cost reduction of 60%. Gautschi [9] presents long-term experience with LTN. According to the building company, which built three LTN in the past, carbon emissions can be lowered by 70 to 80% and primary energy demand by 30 to 50% can be achieved. However, a reference technology 1 INTRODUCTION 4 for these results is not given in the source. Furthermore, seasonal coefficients of performance from the system at ETH Zürich are reported with 7 for heating and 26.5 for space cooling. Two additional examples of LTN are presented. The system "Richti-Areal in Wallisellen" conditions offices and residential buildings with the help of 220 borehole heat exchangers with a depth of 220 m. The grid "Familienheim-Genossenschaft Zürich" uses wasteheat from a Swisscom data-center. Further heat producers are going to be added in the future. Sulzer et al. [50] introduce a rapid-prototyping test bed, which allows to investigate the behaviour and control strategies of LTN. The system is designed as a hardware-in-the-loop test bed, which means that the integration of simulation-based methods is possible. First results of the test bed show that a ring-typology is favourable and could reduce pump energy by more than 50%. Furthermore, it is pointed out that a decentral pump design is more energy-efficient than a centralized one. Vetterli et al. [57] show monitoring data from an LTN in operation in comparison to previous simulations of the same grid in the planning phase. The results show that the heating demand was underestimated and the cooling demand was overestimated, which leads to a decrease of temperature in the ground energy storage. Also the measured coefficient of performance (COP) is lower and circulation pump electricity consumption higher than predicted. The false predictions are ascribed to different user behaviour in terms of indoor temperature and ventilation (open windows) than expected. By adapting the model to the different user behaviour, reasonable accordance between measurement and simulation could be achieved. In [16] , the government of the canton St. Gallen in Switzerland presents financial measures to facilitate the building of LTN. The measures include the financial support for 5% of the building costs of the networks and a provision of $ 80 to 120 per MWh energy delivered during the first two years of operation. The government explicitly forbids the generation of heat with combined heat and power units. Henchoz et al. [12] compared LTN to two different district heating and cooling concepts based on the use of latent heat with refrigerants (CO2 and R1234yf) as the heat carrying fluids. Simulation results show that none of the investigated grids has significant advantages in terms of energy efficiency over the other grids. It is also pointed out that no significant differences in terms of investment costs were present. The decision for one particular technology has therefore to be made based on soft characteristics, such as compactness or safety. Summermatter et al. [51] introduce an LTN for a village in the Alps of Switzerland. Two possibilities, one based on the integration of solar thermal panels and one based on the integration of photovoltaic (PV) panels, are compared. The option featuring PV panels is found to be more cost efficient. The system uses the electricity from the PV panels to operate air-water heat pumps during the summer to heat up water. The heat is stored in a ground heat storage and can then be used with water-water heat pumps during the winter months. Moreover, the authors plan to offer grid services to the electricity grid in order to reduce costs. The grid will continuously be extended until the whole village is integrated. Zach [63] presents a concept for an LTN in the district "Nordbahnhof" in Wien with 13,000 residents and 5,000 workplaces. The grid consists of one central LTN with a ground heat storage and five de-central grids connected to it. Photovoltaic thermal hybrid solar collectors are suggested as renewable heat and electricity sources after an annualized analysis of the system costs. Zarin Pass et al. [64] explore the question of when and why bidirectional systems outperform their individual counterparts. The thermodynamic performance of bidirectional LTN is analyzed and a diversity criterion is developed to understand when it may be a more energy-efficient alternative to modern, high-efficiency individual-building systems. This criterion is then applied to standardized reference building hourly load profiles in three cities to look for promising building diversities. It is found that a bidirectional system has benefits when the ratio of heating to cooling loads on average is at least 1 to 5,7 or vice versa.
Research in modelling of LTN includes the following: Kräuchi et al. [22, 21] present a model in the object-oriented IDA-ICE simulation software. It uses 1 INTRODUCTION 5 different objects for the components heat consumer, heat supplier, earth heat storage, pipes and pumps. Heat consumers and suppliers are modelled with the help of time series of demand and supply. Based on the desired temperature and the temperature of the grid, COPs for the heat pumps are calculated. There are models for the ground energy storage available that do not describe any temperature distribution in the ground, but act as a kind of fully mixed storage. The pipes are also modelled as fully mixed fluid volumes, but compute pressure losses. The pumps calculate mechanical and electrical power to compensate the pressure loss within the LTN. The model allows bidirectional flow. However, this feature is implemented by duplicating parts of the model for each direction of flow and activating or deactivating the relevant parts based on the current state of the system. In [23] the above named model components are aggregated to a planned actual system. The results show good agreement with results from the planning phase of the grid. The authors therefore propose to use the models for the planning of LTN. Schluck et al. [40] use the described models in order to compare unidirectional and bidirectional grids. The results favour the bidirectional grid in terms of exergy efficiency and operating costs. Prasanna et al. [35] present a model of parts of the Suurstoffi LTN [57] formulated as a mixed integer linear problem. The model is calibrated with monitoring data from parts of the grid. An optimization algorithm is then used to identify possible improvements of the system operation in order to reduce the carbon footprint of the network. Furthermore, possible scenarios regarding the extension of the system with components like additional photovoltaic or photovoltaic thermal hybrid solar collectors, battery storage and air-water heat pumps are simulated and compared. The Modelica Buildings library [60] contains models to simulate LTN, including a water heat exchanger, central heat pumps and consumer substations. Other included models such as water storage tanks and solar thermal panels can also be used in an LTN district model. The models allow bidirectional flow. Heissler et al. [11] present a modelling approach for the simulation of a low temperature district heating network with seasonal heat storage, collectors and buildings. The approach combines the simulation environments Dymola with the Modelica Buildings library and TRNSYS [33] with the help of the Building Controls Virtual Testbed [59] . The system model is a simple network with buildings with only heating demand, solar thermal panels and a water storage tank. A neighborhood in Munich is used as a case study.
Previous work on agent-based control of distributed energy systems
In this work a method to find an optimized temperature set point for a LTN is presented. In order to track the set point, feedback control is needed. Such a control algorithm needs to be able to orchestrate distributed heat and cold sources in an effective and stable way, in presence of distributed heat sources such as solar thermal roof panels. It should furthermore be flexible and expandable if additional buildings, storage or sources are added. Agent-based control is a concept which allows to control such complex systems by splitting the main control objective into smaller objectives which so-called agents try to fulfil by interacting with each other. Others used it to control electrical smart grids ( [15] , [20] , [25] , [62] , [17] , [19] , [36] , [37] , [61] and [1] ) and complex building systems ( [14] , [13] , [42] , [3] and [41] ). LTN are similar to electrical smart-grids and complex building energy systems. They feature distributed sources for heat and cold as well as distributed consumers of heat and cold. A control system for an LTN needs to maintain the temperature in both temperature lines within a usable range for heat pumps and chillers. This needs to be done by balancing supply and demand. The principle is analogous to the control mechanisms implemented in electrical grids, where supply and demand need to be coordinated in order to keep the voltage within a range. Similar analogies can be found in complex building energy systems, such as the building presented in [8] . As agent-based control has been shown to be an efficient way to implement control for smart-grids 2 METHODOLOGY 6 and complex building energy systems, and as LTN provide control problems which are similar to those found in smart-grids and complex building energy systems, agent-based control is used in the course of this work to control the LTN.
Methodology
We will now describe the methodology used in our study.
In order to optimize the operation of LTN, we used a cascading control as shown in Fig. 1 . It consists of an optimization of the temperature set point profile for the network and a following sequence of control steps, including agent-based control, to maintain the optimized temperature set point in the network with multiple heat and cold sources. The optimization and control steps will be presented in the following section. Fig. 3 show the Carnot COP of a heat pump and a chiller, respectively, as a function of the temperature of the fluid in the pipe. A constant T of 2K between water and refrigerant is assumed in condensers and evaporators. As for the efficiency of heat pumps, high pipe temperatures are favourable whereas for chillers low temperatures are favourable, there is a potential for optimization to find the optimum temperature. However, in previous research, a free floating temperature approach was usually used, in which the warm line temperature is kept between a lower and a higher limit. Between these limits it changes depending on the heating and cooling demands of the consumers. Finding a suitable set point through numeric optimization is our first step. The system is optimized for a cost function that represents a performance metric. As the cold line temperature depends on the warm line temperature, the optimization only searches for a set point for the warm line. The cost function can for example be primary energy consumption, electricity consumption or carbon emissions. As the only costs are generated by the heat pumps and chillers, these cost functions are proportional to each other if constant emission and primary energy factors are assumed. Therefore, the outcome of the optimization is independent of this selection. For example, the cost function for electricity consumption follows
Temperature set point optimization
where Cost is the value of the cost function, P chi is the electrical power of all chillers and P hp is the electrical power of all heat pumps. In order to maintain comparability with the previously used free floating approach, the set point is constraint by 12 • C and 20 • C.
The optimization problem was formulated as
where T set,wl is the set point for the warm line and n ≥ 0 is a constant. For n = 0, T set,wl is a constant. For n = 1, the set point is linear in the load, unless the constraint T set,wl ∈ [12 • C, 20 • C] is active. As we will see below, it turns out that a constant set point suffices, and hence we will below only compare the cases for n ∈ {0, 1, 4}, with n = 4 selected to show the effect of a large exponent. The evaluation of the cost function f : → involves a simulation of a Modelica model which is a simplified model of the ones used for the case study. It uses hourly load data for heating and cooling loads for a district and models the electricity consumption of heat pumps and chillers for individual building types with the help of a Carnot approach. The heat pumps use an ideal water source at T set,wl on the evaporator side, while the chillers use an ideal water source of T set,wl − 4K on the condenser side. A different model is used for the optimization than in the case study. In the optimization model the pipe network and the electricity consumption of the circulation pumps is not modelled to increase optimization speed. The optimization was done in Python 2.7. To automate the optimization, the standard Dymola-Python interface, which is provided with Dymola, was used. The simplex method Nelder-Mead with default parameters and tol = 1E-6 from the Python SciPy package was used to solve the optimization problem. Fig. 4 shows the results for T set,wl of the optimization for the San Francisco case (see section 3). In the free floating case, one can see that the temperature is lowest during winter, as heating dominates cooling, which results in a temperature drop of the whole network. The highest temperatures are reached in late summer when cooling is high. Consequently, the temperatures in the network rise. Contrasting this behaviour to the COP of heat pumps and chillers, it becomes clear that a free floating temperature causes the grid to establish temperatures that are opposite of the ideal case. The grid is warm when it should be cold and is cold when it should be warm. It can be noticed that all optimized results have a higher average temperature than the free floating case. Besides a slightly lower temperature in the late summer days, the linear approach does not differ much from the constant approach. For n=4, the temperature during summer is lowered by 6 K. This is expected because the cooling load is higher in summer and lower temperatures are favourable for the performance of chillers.
However, the cost function values are all within 1%. Hence, n has little effect on the performance. Thus, 2 METHODOLOGY 8 whether the line temperature during summer is at 20 • C or at 14 • C has little impact on performance. However, the free floating case shows a 15% higher electricity consumption.
The surprising result can by explained by further examination of the network performance at different load ratios. Neglecting the power consumption of the pumps, assuming that non-balanced heat in the distribution network can be made up with renewable energy or storage that shifts loads, and assuming a constant Carnot efficiency η, the normalized electricity consumption is
whereq h is the normalized heating load,q c is the normalized cooling load, COP h is the Carnot coefficient of performance for heating and COP c is the Carnot coefficient of performance for cooling. Using
where T h and T c are the refrigerant temperatures in the condenser and evaporator, we can write (3) as
Let T wl and T cl be the water temperatures in the warm and cold pipe, let T hea be the space heating supply temperature and T coo be the space cooling supply temperature,let ∆T l T wl −T cl and let ∆T r > 0 be the temperature difference between water and refrigerant. Then, we can write (4) as
Assuming η = 1, T hea = 30 • C, T coo = 10 • C, ∆T r = 2 K in all heat exchangers and ∆T l = 4 K , the normalized electrical consumption is as shown in Fig.  5 . It turns out that p el,network is linear in the warm line temperature.
The plot shows that electricity consumption for higher heating ratios (red) is generally higher than for higher cooling ratios (blue). This can be explained by the generally higher coefficient of performance of chillers compared to heat pumps. Furthermore, it can be seen that the performance curve of the network at equal heating and cooling load is nearly flat, which explains the results of the optimization. As heating and cooling loads are of similar magnitude in the summer months for the San Francisco scenario, low temperature set points during summer perform equally well as high ones. For this case, it can be stated that a well-chosen temperature set point during winter with high heating loads is more important to the network performance than the set point during summer.
As all set point optimizations showed similar cost function values, only the most simple one, the constant temperature approach, was chosen for the case studies. For a transfer to a real system, this approach is more suitable than the others as no load data need to be measured. The same approach was chosen for the Cologne case, as the optimization showed similar results.
Control steps with agent-based control
In the above section, a method to find an optimized temperature set point for the network was presented. In order to track the set point, agent-based control is used. Fig. 6 shows the LTN equipped with the agentbased control system. The two lines with warm and cold temperature level are represented by the red and blue ellipses. The network has heat and cold consumers represented by the orange and light blue buildings connected to the network. Besides these consumers, also three producers are connected to the network: a solar thermal panel, a water heat exchanger and a water storage tank. It should be mentioned that consumers generally are also producers in a bidirectional LTN, for example, a heat pump consumes heat while producing cold. However, we mean by producer a facility whose main task is to maintain the right network temperature, and by consumer a facility whose main task is to heat or cool buildings.
The network is controlled as follows. The temperature of the network is measured at multiple points that are evenly spread along the warm circular pipe (in this case four points) and an average temperature is computed. This temperature is compared to the temperature set point T set,wl after a low pass filter. A PI controller with anti-windup converts the difference between the current average warm line temperature of the network and T set,wl into a demand for heating or cooling. The consumer agent sends its capacity de-mand to the broker. The broker then proceeds to call for a proposal from each producer agent in the system. With the help of a cost function, each producer agent computes a proposal for the requested capacity adjustment. If a producer is not able to make the adjustment, it can refuse the call for proposal by the broker. When the broker has collected the proposals (and refusals) of all producer agents, the proposals are compared and the most cost-efficient combination is selected. Notifications of accepted and refused offers are sent to the producer agents. The producer agents then adjust the capacity of the producer they represent.
In contrast to a building energy system, the renewable producers in this example of an LTN do not produce real costs during their operation because they produce heat or cold close to zero marginal cost. Therefore, a virtual cost function is necessary as a measure of cost. The cost function is based on the temperature difference of the water that the producer can supply and the current network temperature. The cost function for a heat supplier is
3 CASE STUDY 10 where C is cost, Cap is the capacity of the source, T set,wl is the set point temperature of the hot line and T source is the supply temperature of the source. Similarly, for cold suppliers, the cost is
where T set,cl = T set,wl −4K is the set point of the cold line. In (6) and (7), the temperature gives lower cost the closer a source is to the set point. For example, if T set,wl = 20 • C and heat sources at 18 • C and 19 • C are available, the source at 19 • C is chosen in order to optimize the network performance.
In the last step of the control sequence, the capacity requested from a producer agent needs to be translated into an enthalpy change in the network fluid. In the case of low exergy sources such as water heat exchangers and seasonal storage facilities, this is done with a P controller and a valve which regulates the resulting mass flow induced by the individual consumer pumps. In the case of a high exergy source, such as solar thermal panel, a pump which induces additional mass flow instead of a valve is used in order to obtain better network penetration and as a result more even network temperatures. In both cases, the absolute value of the requested capacity is used as the set point for the P controller and the absolute value of the enthalpy difference upstream and downstream of the source as the measurement input. Absolute values are necessary in order to handle the possible change of flow direction in the source, and to keep the control stable.
Case study
To quantify the benefits of LTN and to verify the presented control strategy, different scenarios were analyzed using Modelica. Two different example districts,the Shipyard neighborhood in San Francisco, USA, and the Rheinauhafen district in Cologne, Germany, were selected. The scenarios differ from each other in terms of type and amount of buildings, insulations standards, and climate leading to different heating and cooling loads. For both scenarios, a comparison of the following technologies was made:
• Conventional gas-fired district heating and stand-alone chillers
• Stand-alone heat pumps and chillers
• Unidirectional LTN with free floating temperatures
• Bidirectional LTN with free floating temperatures
• Bidirectional LTN with agent-based control and multiple sources
Load data and boundary conditions
In order to model heating and cooling loads for the San Francisco scenario, information on the distribution of buildings in the neighborhood was gathered from [28] . With the help of the information on the type of buildings and the area occupied by these buildings, load profiles were created using Department of Energy reference models [53] . Because early simulations indicated that the given number and types of buildings would lead to an unbalanced network, not all residential buildings were connected to the network. The resulting floor area consists of 72% for offices, 16% for housing and 12% for retail. Fig. 7 shows the integrated heating and cooling loads for the neighborhood per m 2 floor area. One can see that the heating load is bigger than the cooling load during winter, but the system is well balanced during the summer months. The annual diversity index calculated after [64] is div annual = 0.70, which is a value that indicates that a bidirectional LTN should perform well in this scenario. Weather data for the simulation was taken from TMY3 San Francisco International Airport. Water temperatures for the ocean heat exchanger were taken from [55] for the nearby city of Alameda, which is 8 km north-east of the neighborhood. The temperatures are shown in Fig. 8 [38] and Modelica simulations were used. TEASER allows the creation of archetype building model records for a low-order building model of the AixLib [31] library and Buildings [60] library . Fig. 9 shows the integrated loads per m 2 floor area for the Cologne scenario. One can see that there is only a limited amount of overlapping between heating and cooling loads. Additionally, in the periods in which both types of loads occur, they do not occur during the same hours (heating at night, cooling during the day). This leads to an annual diversity index of div annual = 0.04. As there is no data on Rhine water temperatures available for the city of Cologne, data from the Düsseldorf-Flehe station from 2015 was used instead [26] , which is 40km away from Cologne. TRY2012 data from Aachen (63km from Cologne) was used to simulate the weather. 
Models for the investigated technologies
For each heating and cooling technology, a dynamic Modelica model was created. All thermal and hydraulic models were built and aggregated using the Modelica Buildings Library (branch is-sue653 carnot dt, commit add1439) [60] and the AixLib library (master branch, commit 4b7047c) [31] . The agent-based control elements were realized with the Modelica HVACAgentBasedControl library (also accessible through AixLib) [2] . The aggregated system models can be requested from the authors. Each model will be described in the following section. LTN with agent-based control. The schematics shows as an example one consumer with the evaporator of a heat pump and the condenser of a chiller. The actual model has more than one consumer and separate heat pumps for space heating and domestic hot tap water. The heat and cold consumers were modelled as substations based on hourly load data for heating and cooling demands. Heat pumps and chillers use a Carnot-efficiency-based approach with η = 0.45 and a temperature difference in the heat exchangers dependent on the load ratio with T r,max = 2K in order to determine their electricity consumption. The total substation electricity consumption includes the heat pumps, chillers and circulation pumps. Also shown are the three supply plants, consisting of water heatexchanger that is connected to a river, lake or ocean, storage tank and solar thermal plant. The two latter ones are equipped with producer agents, which control the valve and the pump. The valve of the water heat exchanger acts as a bypass for the storage tank. The hydraulic network is modelled with pipe models that account for pressure losses based on flow-rate dependent flow friction and thermal losses or gains. (For more details on the models please refer to [58] and the documentation within the open source Modelica Buildings Library [60] ). The total length of the network in San Francisco and Cologne are 8 km and the pipes are sized to accommodate the nominal mass flow at a flow velocity of 1.5 m s . The pipes are insulated with a 20 cm layer with a heat transfer coefficient of 0.04 W mK . For the boundary condition of the thermal losses, a undisturbed ground tempera-ture model which accounts for seasonal change of the ground temperature is used [24] . The pipe network is divided in one hundred control volumes, each with a fully mixed temperature.
LTN with agent-based control and multiple sources
Important parameters of the system are given in Tab. 6 for San Francisco and in Tab. 7 for Cologne. Apart from that, the models for San Francisco and Cologne only differ in heating and cooling demands, weather and water temperatures for the water heat exchangers, as described in the previous section.
In order to assess the network performance, the electricity consumption of all relevant appliances in the system is
where E prim is the primary energy consumption, P EF el is the primary energy factor for electricity, P pumps is the electrical power of all circulation pumps, P chi is the electrical power of all chillers and P hp is the electrical power of all heat pumps. Fig. 12 (A) shows the hydraulic system for the bidirectional LTN with free floating temperatures. The only heat and cold source is a water heat exchanger. The water heat exchanger is controlled to keep the warm line temperature between 12 • C and 20 • C and the cold line temperature between 8 • C and 16 • C. The pipe network and substations are identical to the LTN with agent-based control and multiple sources. Fig. 12 (B) shows the hydraulic system for the unidirectional LTN with free floating temperatures. Again, the only heat and cold source is a water heat exchanger. It is controlled to keep the water temperature within the same limits as in the bidirectional LTN. In the unidirectional LTN, heat pumps and chillers draw water from the same supply line and discharge to the same return line. Therefore, Also the efficiency of the heat pumps and chillers in the substations is computed with the same approach as in the bidirectional systems. Fig. 13 (A) shows the hydraulic scheme for the district heating with stand-alone cooling on the lefthand side and the solution with stand-alone heating and cooling on the right-hand side. The district heating system uses a central natural gas heater with a thermal efficiency of 0.95. The heater is controlled to supply a constant water temperature of 90 • C. Individual pumps at the consumer substations control the mass-flow in order to reach return temperatures of 60 • C. The network is also dimensioned to accommodate the nominal mass-flow rate at a velocity of 1.5 m s . This leads to smaller diameters (26 cm) than in the LTN case (71 cm), as the temperature spread between supply and return is much bigger. Furthermore, an insulation layer of 40 cm with a heat transfer coefficient of 0.035 W mK (compare [43] ) is used in order to reduce thermal losses. In the substations, a simple heat exchanger with 100% efficiency is used instead of the heat pump for space heating and domestic hot tap water in the substations. To meet the cooling demand, a chiller that is connected to the ambient air is used. The main parameters of the system are given in Tab. 8.
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District heating with stand-alone cooling
To assess the performance of the conventional district heating scenario, the primary energy is
where P EF gas is the primary energy factor for natural gas and W gas is the chemical work of the natural gas. Fig. 13 (B) shows the stand-alone solution. The substations use heat pumps and chillers which are both connected to the ambient air. There is no piping network in this scenario. Parameters of the heat pumps and chillers are identical to the LTN cases. The performance evaluation for the pure stand-alone case follows (8) . Fig. 14 (B) show the relative primary energy consumption, normalized by the maximum primary energy consumption for the case studies San Francisco and Cologne respectively. Primary energy factors for electricity and natural gas, taken from [4] and [6] , were used as stated in Tab. 1. Both scenarios show that solutions with heat pumps generally perform better than the district heating solution. In the Cologne scenario the difference between district heating and stand-alone solution is of higher magnitude than in the San Francisco scenario because the primary energy factor for electricity in Germany is lower than for the western USA. However, the difference is not proportional to the difference in primary energy factors, as the climate in San Francisco is milder than the one in Cologne, which leads to better heat pump and chiller performance. In comparison to the stand-alone solution, a bidirectional LTN with free-floating temperature control decreases the primary energy consumption by 9% in San Francisco and 13.5% in Cologne. The selection of a bidirectional network instead of a unidirectional network leads to an improvement of 5% in San Francisco but only 1.5% in Cologne. This can be explained by the shape of the heat and cold demands (compare Fig. 7 and Fig. 9 ) and the exergy destruction of mixing fluid streams of different temperatures. In the case of San Francisco, there is a higher occurrence of heat and cold demands at the same time than in the Cologne case, where heat is mainly used during winter and cold during summer. The advantage of bidirectional networks in terms of exergy efficiency is the avoidance of mixing the warm return streams from the chillers and the cold return streams from the heat pumps in one common return line, as discussed in [40] . In the case where heat and cold demands are separated, the exergy destruction in the mixing nodes does no longer take place. Between the cases bidirectional LTN with free-floating temperature and bidirectional LTN with agent-based control, the primary energy consumption could be further lowered by 13% in the San Francisco scenario and 41% in the Cologne scenario. The higher improvement in the Cologne case can again be explained by the different boundary conditions. Both bidirectional models use water heat exchangers. In the case of San Francisco, the heat exchanger exchanges heat with the San Francisco Bay, which has relatively constant temperatures between 10 • C and 19 • C. This temperature range is a level at which both heat pumps and chillers can operate with high efficiency. The water heat exchanger in the Cologne case exchanges heat with the Rhine, whose temperature ranges from 6 • C in winter to 24 • C in summer. Together with the fact that high heat demands occur only during winter and high cold demands during summer in Cologne, this leads to a large improvement potential through the inclusion of other heat and cold sources such as solar thermal panels and seasonal heat and cold storage. Fig. 14 (C) and Fig. 14 (D) show the normalized relative CO 2 emissions for the San Francisco case and Cologne case respectively, with the emission factors as in Tab. 2, taken from [4] , [54] and [18] . Compared to the primary energy results, the CO 2 results show a much smaller gap between the district heating and the stand-alone case for San Francisco. This is due to the relatively high electricity CO 2 emission factor. For Cologne, the difference in emission is much closer to the difference in primary energy. For San Francisco, a reduction of 18% from district heating to the stand-alone solution could be achieved. For Cologne, this value is 47%. As options (2) to (5) are all electric systems the relative changes are proportional for pri-mary energy consumption, CO 2 emissions and energy costs. For both locations, the results show that bidirectional LTN offer potential for primary energy and CO 2 emission reductions, especially when used with multiple heat and cold sources and agent-based control in order to achieve beneficial network temperatures. Fig. 14 (E) and Fig. 14 (F) show the normalized energy costs for both scenarios. Tab. 3 shows the energy costs that are used for the simulation, taken from [34] , [7] , [56] and [44] . using mainly electricity for heat generation are much more cost effective than gas-fired district heating without cogeneration. By using stand-alone heat pumps instead of district heating, the energy costs can be reduced by 40% because the price for electricity is low in California. The best scenario with a bidirectional LTN and agent-based control offers a total reduction of 53%. For Cologne, the difference in energy costs between district heating and the stand-alone solution is much lower due to the significantly higher electricity prices in Germany. However, the best technology with a bidirectional LTN with agentbased control achieves a reduction of 57% compared to the district heating case. The savings of 53% and 57% are in good agreement with [32] , who describes a 62% reduction of operating cost for the LTN in Chur compared to the previously installed heating and cooling system.
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For a complete economic evaluation, the net present value analysis of the competing technologies needs to be made. For this analysis, the investment costs need to be known. However, in the case of bidirectional LTN these investments are only known by a limited number of people as there are only a few demonstration projects available so far. Furthermore, other economic benefits, such as maintenance and usage of roof and floor space should be considered.
The results should be viewed keeping in mind that one focus of this work is operation optimization of bidirectional LTN. However, the control of all evaluated technologies could be further developed. Such developments could lead to further reductions of primary energy consumption, emissions and energy costs in all cases. Using combined heat and power units or waste heat instead of gas-fired boilers in the district heating case would also lead to different results that would benefit the performance of the conventional district heating system. Another point of discussion is the selection of primary energy factors and emission factors. Such factors always carry an uncertainty. As these values are usually calculated using life cycle analysis, in which many assumptions are made, factors can vary depending on the party that conducted the analysis. A further aspect is the date of publication, which varies a lot in the case of primary energy factors. Also, due to the increased integration of renewables in the electricity grid, the primary energy factors are changing.
Performance of agent-based control
As the functionality of the control approach is independent of the chosen location, only the San Francisco results are discussed in the following in order to avoid redundancy. Fig. 15 shows the average of the four temperature measurement points in the agent-based control approach in comparison to the optimized set point of 20 • C and the temperature trajectory in the case of a bidirectional network with free-floating temperature.
The figure shows that the system does not have enough heating capacity to keep the temperature at the optimal set point in winter. The control error is up to 3 K. This problem could be solved by implementing more solar thermal panels or other heat sources. This is, however, a question of design optimization and is out of scope of this paper. The agent-based control is able to keep the average system temperature within a margin of 2 K around the set point during times in which the heat and cold demand in the system is more balanced. The error of 2 K during summer only occurs when the solar thermal plant is activated, which indicates that it could be lowered by improving the control of the solar thermal plant. During most times, the control error is less than 1 K. In general the agent-based control in combination with multiple sources keeps the network temperature much closer to the optimal set point than the freefloating approach, which leads to the improved performance presented above. Fig. 16 shows the temperature in the warm line of the network at the four points of measurement. The temperatures vary widely and the assumption that a single temperature for each line is sufficient to describe the state of a bidirectional network is proven to be wrong. The temperatures T 1 ,T 3 and T 4 appear to be relatively stable whereas T 2 shows high frequency fluctuations of up to 9 K. Fig. 17 shows the mass flow rates at the points of temperature measurement. The highest mass flow rates and also the highest variation in mass flow rates are at the T 2 temperature measure- ment. This indicates that the point of measurement is a place where a large amount of fluid is bypassed between the warm and cold line, as large mass flows should mainly appear at bypass points in a network with reasonably well distributed heat and cold demands. A comparison to a mass flow rate measurement directly at the water heat exchanger and the fact that the water heat exchanger is used as the bypass whenever storage or solar thermal plants are not active support this observation. The observed temperature variation does however not constitute a serious problem for the performance of the LTN. By comparing the bidirectional agentbased control case with the free-floating temperature approach and the optimization minimum (the case in which heat pumps are used with an ideal heat source at T set,wl and chillers with an ideal heat sink at T set,cl = T set,wl − 4K), it becomes clear that the agent-based approach achieved for San Francisco a 13% reduction at a maximum possible reduction of 16% (see Fig. 18 ). The remaining 3% could possibly be achieved by optimizing the design of the system, such as adding more heat sources. For Cologne, a reduction of 41% out of possible 56% was achieved.
Conclusion
Bidirectional LTN lead to an improvement in operation efficiency and can effectively be controlled with agent-based control, which aids the modular extension of such LTN systems. The agent-based control successfully coordinated various heat and cold sources to keep the network temperature around a specified set point. For both locations, the bidirectional LTN with agent-based control is the most efficient technology. In comparison to a conventional gas-fired district heating system, the optimized LTN leads to primary energy consumption reductions of 58% and 84% in the US and German scenario, respectively. Reductions of CO 2 emissions are 35% and 78%, and reductions of energy costs 53% and 57%. The savings are in good agreement with the results from existing demonstration projects. Another conclusion is that a constant set point for the pipe temperatures is sufficient for the analyzed systems.
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